Other microtubules called nonkinetochore microtubules 1996; Kashina et al., 1997). The kinesin-related proteins in the CHO1/MKLP1 family appear to be important for do not associate with kinetochores but instead overlap with oppositely oriented or "antiparallel" microtubules driving apart the antiparallel microtubules in the spindle midzone during late anaphase (Sellitto and Kuriyama, from the other pole within the region of the spindle known as the midzone. Still other microtubules called 1988; Nislow et al., 1990 Nislow et al., , 1992 . Several other motor proteins have also been identified within the mitotic astral microtubules extend toward the cell periphery, where they interact with the cell cortex. During early spindles of different species. These various motors generate forces that can be either complementary or antaganaphase, the kinetochore microtubules depolymerize and draw the chromosomes toward each pole. During onistic to one another. Tight regulation of these forces accounts for many of the key changes in microtubule late anaphase, forces are generated between the antiparallel microtubules within the midzone and between organization and distribution that occur during mitosis. Quite remarkably, recent in vitro studies have shown the astral microtubules and the cell cortex. These forces drive the two half-spindles apart. Figure 1A shows a that molecular motor proteins and other components of mitotic extracts can organize microtubules into bipolar schematic illustration of a cell in early anaphase. During telophase, the nuclear membrane reforms. Shortly spindles in the complete absence of centrosomes (Heald et al., 1996) . The spindles form via the movement of thereafter, the half-spindles reorganize into typical monoastral interphase microtubule arrays.
individual microtubules by motor proteins that specify whether the plus end or the minus end of the microtubule Although these stages of microtubule reorganization during mitosis have long been recognized, the mechaleads during the movement. Given these results, the question arises as to whether or not centrosomes play nisms underlying them have remained mysterious for years. Even early workers noted that the relevant changes any crucial role whatsoever within the mitotic spindles of living cells. Other recent studies suggest that they in microtubule organization probably cannot be attributed entirely to the assembly and disassembly of the do, specifically in the nucleation of new microtubules. The pericentriolar material of the centrosome contains microtubule polymers. It is now clear that the formation and functioning of the mitotic spindle depend on ring-like microtubule-nucleating structures (Moritz et al., 1995; Zheng et al., 1995) . These structures consist of forces generated by molecular motor proteins that include cytoplasmic dynein and a variety of specialized ␥-tubulin (the nucleating protein) and a variety of other proteins that form a ring with the appropriate diameter kinesin-related proteins. For example, cytoplasmic dynein appears to be important for generating forces beto constrain the lattice structure of the microtubule to thirteen protofilaments. Thus, it would appear that the tween microtubules and the cell cortex during both prophase and late anaphase (Carminati and Stearns, 1997; centrosome is important for the nucleation of microtubules, and for determining their lattice structure. Microtubules are nucleated within the pericentriolar material by a ring-like structure containing ␥-tubulin (A). Nucleation from this structure constrains the lattice of the microtubule to 13 protofilaments. The location of katanin, outside of the pericentriolar material, permits it to sever the microtubule while leaving the ␥-tubulin-containing ring structure within the pericentriolar material (B). In the case of the mitotic cell, a plus end-directed motor protein is tethered to the centrosome, holding the severed microtubule in close proximity to it (C). In the case of the neuron, a motor protein does not tether the severed microtubules to the centrosome, thus permitting a minus end-directed motor to transport the released microtubules away from it (D).
for axons or dendrites are nucleated at the centrosome, release would be necessary for the flux of tubulin subunits that is known to occur as chromosomes move to released, and then actively transported into these processes. To test this idea, we performed drug recovery each spindle pole. Katanin has been proposed to regulate microtubule release during mitosis, but this has not experiments in which neurons were treated with and then rinsed free of microtubule-depolymerizing drugs yet been proven. Mitotic cells differ from neurons in that the minus ends of the microtubules remain in close (Yu et al., 1993) . Within the first few minutes of recovery, enormous numbers of microtubules were nucleated proximity to the centrosome even after they are presumably released. An interesting possibility is that there is from the centrosome, demonstrating that the neuronal centrosome is a potent microtubule-nucleating struca motor protein tethered to the centrosome that tries to move toward the plus ends of the microtubules, thereby ture. With increasing time, the numbers of microtubules attached to the centrosome were diminished, sugpulling on them and keeping them near the centrosome (Sawin et al., 1992). One could imagine that another gesting that the microtubules were rapidly released after their nucleation. As a further test of this interpretation, motor protein (perhaps cytoplasmic dynein; see Gaglio et al., 1996) might generate antagonistic forces that would we injected a function-blocking ␥-tubulin antibody into the neurons and found that it severely compromised otherwise convey the microtubules away from the centrosome. If all of this is true, then transformation of a mitotic the formation of new microtubules (Ahmad et al., 1994) . Notably, process outgrowth was also severely comprocentrosome into a "microtubule generator" might be as simple as downregulating or modifying the motor protein mised. These results strongly suggest that a functional centrosome is required for the nucleation of the microtuthat draws released microtubules toward the centrosome. In the absence of this motor activity, the microtubules that will eventually occupy axons and dendrites. More recently, we found that a function-blocking antibules would be actively conveyed away from the centrosome toward the cell periphery, precisely as occurs body to katanin, a potent microtubule-severing protein, inhibits the release of microtubules from the centrosome within the postmitotic neuron. These ideas are shown schematically in Figure 2 . and also severely compromises process outgrowth (F. J. Ahmad, W. Yu, F. J. McNally, and P. W. B., unpublished data). On the basis of all of these results, I would conCytoplasmic Dynein in the Mitotic Spindle and in Postmitotic Neurons clude that the centrosome acts as a "generator" of microtubules for the neuron, rapidly nucleating them and
We recently sought to determine the motor protein that actively transports microtubules from the centrosome releasing them so that they can then be conveyed into developing axons and dendrites.
with their plus ends leading (Ahmad et al., 1998) . This motor protein would presumably be utilized to convey How does this compare with the situation in the mitotic spindle? After their nucleation by the centrosome, spinmicrotubules with a plus end-distal orientation into the immature processes, the axon, and the dendrites of dle microtubules are presumably released as well. Such 
. Schematic Illustration Showing that Similar Mechanisms Can Account for Some of the Forces that Transport the Half-Spindles during Late Anaphase and Those that Transport Microtubules with Their Plus Ends Leading into Developing Neuronal Processes
In the mitotic cell, microtubules remain associated with the centrosome, while in the neuron, microtubules are able to move away from the centrosome after their release. In both cases, cytoplasmic dynein generates forces against the actin cytomatrix that cause the microtubule to move outward. In the case of the mitotic cell, the entire half-spindle is transported (A). In the case of the neuron, the released microtubules are transported while the centrosome is left behind (B). the developing neuron. We reasoned that cytoplasmic et al., 1998). Because the microtubules remain tethered to the centrosome, these forces drive the microtubule/ dynein may be a good candidate for this motor because it has the appropriate properties to transport microtucentrosome complex toward the cell periphery. But if the microtubules were not tethered, the centrosome would bules with this orientation, assuming that the "cargo domain" is tethered to a structure with greater resisremain stationary and the microtubules would be driven outward, which is precisely what happens in the neuron. tance to movement than the microtubule. To test whether cytoplasmic dynein might be the relevant moThis observation suggests that cytoplasmic dynein probably generates forces against similar structures in neutor, we performed experimental analyses on cultured neurons into which we microinjected high levels of rerons and mitotic cells. Given that the cell cortex is an actin-rich region, we suspect that the structures against combinant dynamitin protein. Dynamitin is one component of dynactin, a complex of proteins required for all which these forces are generated are probably components of the actin-based cytomatrix. These ideas are known functions of cytoplasmic dynein. Excess levels of dynamitin cause the dynactin complex to dissociate, shown schematically in Figure 3 . Interestingly, a separate line of reasoning also implithereby inhibiting the functions of cytoplasmic dynein (Echeverri et al., 1996). In our studies, microinjection of cates the actin cytomatrix. Prior to our experimental studies, the Pfister laboratory determined that almost the dynamitin protein prohibited the outward transport of microtubules from the centrosome into developing all of the cytoplasmic dynein that is anterogradely transported down the axon moves in the same phase of processes. These results indicate that cytoplasmic dynein is required for the outward progression of microtuaxonal transport as the actin cytomatrix (Dillman et al., 1996). This result was initially surprising because neurobules from the centrosome, and they suggest that it is a likely candidate for the motor that also conveys scientists had previously thought of cytoplasmic dynein exclusively as a retrograde vesicle transporter. On the microtubules with a plus end-distal orientation down the lengths of developing axons and dendrites. basis of these new findings, it was proposed that cytoplasmic dynein transports microtubules anterogradely The precise roles that cytoplasmic dynein plays in mitosis are not entirely clear. Heald and collaborators down the axon by generating forces against the actin cytomatrix. The cytomatrix also moves anterogradely (1996) have shown that bipolar spindles that form in vitro utilize cytoplasmic dynein to transport short microdown the axon (via another motor, presumably myosin) and therefore provides excellent resistance to backward tubules as cargo toward the minus ends of longer microtubules. However, such transport is not necessary for movement. The fact that the microtubules move somewhat slower than the actin cytomatrix probably relates spindle formation, as the main deficit that results from removing cytoplasmic dynein is that the minus ends of to an intermittent association of the microtubules with the transport machinery. Indeed, live-cell observations the microtubules fail to focus tightly at each pole. This suggests that cytoplasmic dynein is important for "zipindicate that microtubules can move much faster than the average rates of slow axonal transport, but that they pering" together the microtubules by translocating toward their minus ends. Moreover, as noted above, most undergo intermittent stops and starts in their movement (E. W. Dent, G. Szebenyi, J. L. Callaway, P. W. B., and of the forces relevant to microtubule transport generated by cytoplasmic dynein would probably tend to K. Kalil, unpublished data). I find a model involving the actin cytomatrix attractive not only because it correlates transport microtubules outward with their plus ends leading. Such forces would be generated via the interacwith mitotic mechanisms, but also because it is consistent with a large body of evidence suggesting a function of the cargo domain of the motor with a nonmicrotubule structure and the motor domain with the microtutional link between the actin and microtubule systems of the neuron (reviewed by Gavin, 1997). In the mitotic cell, microtubules remain associated with the centrosome, while in the neuron, microtubules are able to move away from the centrosome after their release. In the case of the mitotic cell, CHO1/MKLP1 drives apart the oppositely oriented microtubules in the midzone by transporting the plus ends of microtubules toward the minus ends of other microtubules (A). In the case of the neuron, CHO1/MKLP1 transports minus end-distal microtubules into developing dendrites by generating forces against plus end-distal microtubules (B). Three options are shown for the means by which CHO1/MKLP1 (which is thought to form a dimer) transports minus end-distal microtubules into the dendrite. The minus end-distal microtubule is assumed to be shorter than the plus end-distal microtubule. One possibility is that the motor domains of the dimer interact with the minus end-distal microtubule, while the cargo domains interact with the plus end-distal microtubule. Because the longer microtubule has greater resistance to movement, the shorter microtubule moves with its minus end leading toward the plus end of the longer microtubule (B). The second option is that the motor domains interact with the longer plus end-distal microtubule, while the cargo domains interact with the shorter minus end-distal microtubule. In this option (which does not readily explain the polarity orientation of the minus end-distal microtubule), the minus end-distal microtubule is carried as cargo along the plus end-distal microtubule. The third option is that the two motor domains interact with the oppositely oriented microtubules, generating forces that drive the minus end of the short microtubule toward the plus end of the longer microtubule.
of plus end-distal microtubules down axons and den-
The obvious question related to the neuron is how drites and is sufficient to explain the uniformly plus end-CHO1/MKLP1 specifically targets minus end-distal midistal orientation of axonal microtubules. However, there crotubules to developing dendrites (and not the axon). must be at least one additional motor activity that transAt present, the answer to this question is not known. ports microtubules with their minus ends leading specifiHowever, it may be relevant that expression of the fullcally into dendrites but not axons. In vitro studies have length CHO1/MKLP1 molecule does not induce Sf9 cells shown that the mitotic motor CHO1/MKLP1 is able to to extend dendrite-like processes (Sharp et al., 1996) , transport microtubules with their minus ends leading even though neurons apparently express the full-length toward the plus ends of other microtubules (Nislow et molecule rather than a truncated variant (see Sharp et al., 1992) . Thus, it would have the appropriate properties al., 1997; Ferhat et al., 1998a). One possibility is that to intercalate minus end-distal microtubules among the C-terminal region contains sites that can regulate plus end-distal microtubules in developing dendrites.
whether or not the molecule is active within the postmiAs noted above, CHO1/MKLP1 is present in the midtotic neuron. Perhaps there is a factor specific to the zonal region of the mitotic spindle, where it is thought somatodendritic domain of the neuron that interacts to help drive the two half-spindles apart during late anawith these sites to activate the full-length CHO1/MKLP1 phase. Recent studies from my laboratory have shown molecule, thus permitting it to transport minus endthat CHO1/MKLP1 is expressed in neurons well past distal microtubules. Additional studies will be needed their terminal mitotic division and is most highly exto explore this possibility and to determine how the pressed during dendritic development (Sharp et al., transport of minus end-distal microtubules by CHO1/ 1997; Ferhat et al., 1998a ). In addition, we have shown MKLP1 is restricted specifically to dendrites. We find it that CHO1/MKLP1 is detectable only in the somatodencompelling to contemplate that the targeting of CHO1/ dritic compartment of the neuron, and that inhibition of MKLP1 might somehow relate to MAP2, another cyits expression with antisense oligonucleotides oblitertoskeletal protein that interacts with microtubules in the ates dendritic differentiation ( In the case of the neuron, the microtubules are not tethered to the centrosome, and hence they can be actively antiparallel microtubules) that separate the duplicated centrosomes during prophase (reviewed by Kashina et transported into axons or dendrites by available motor proteins. Initially, neurons extend several immature proal., 1997). In vitro analyses suggest that another role of Eg5 might be to antagonize forces generated by cytocesses. Available evidence suggests that cytoplasmic dynein is responsible for conveying microtubules into plasmic dynein later in mitosis (Gaglio et al., 1996) . We have found that Eg5 continues to be expressed in postall of these processes with plus ends leading, thereby establishing a uniformly plus end-distal microtubule pomitotic neurons, where it is concentrated on microtubules in the distal regions of growing axons and denlarity pattern (see Figure 5A ). In order to move the microtubules, cytoplasmic dynein probably generates forces drites (Ferhat et al., 1998b) . Depending on the structures with which it associates, one could envision that Eg5 against the actin cytomatrix. This is analogous to the manner by which cytoplasmic dynein generates forces might either antagonize or complement the anterograde transport of microtubules by cytoplasmic dynein. Anbetween astral microtubules and the cell cortex during mitosis. Microtubule transport becomes more active in other possibility is that Eg5 might form complexes that do not actually transport microtubules but instead move one of the immature processes compared to the others, and as a result this process develops into the axon along neighboring microtubules toward their plus ends, thereby "zippering" the polymers together in functionally (Yu and Baas, 1994; see Figure 5B ). Precisely how this occurs is unknown, but it may relate to an as yet unidenimportant regions of the cytoplasm. This latter possibility is similar to the manner by which cytoplasmic dynein tified motor that generates antagonistic forces within the nonaxonal processes or complementary forces within is thought to focus minus ends of microtubules at the centrosomes during mitosis. the axon. After the axon has differentiated, CHO1/MKLP1 begins to transport microtubules with their minus ends Microtubules and Neuronal Polarity: Lessons from Mitosis leading against microtubules of the opposite orientation within the immature processes that did not become the It is clear that terminally postmitotic neurons do not organize their microtubules into bipolar spindles. Howaxon (see Figure 5C ). These forces are analogous to those generated between microtubules of opposite oriever, the observations that I have outlined in this article suggest that the axonal and dendritic microtubule arrays entation within the spindle midzone during late anaphase. It is not known how minus end-distal microtumay be established by mechanisms very similar to those used for the formation and functioning of the mitotic bules are targeted to all of the processes except the axon, but this targeting may relate to other dendritespindle. Specifically, it appears that in both cases, microtubules are nucleated by ␥-tubulin ring structures enriched proteins such as MAP2. As the axon continues to develop, the microtubule array within the growth cone within the pericentriolar material and then released, presumably by katanin. After their release, the microtubules changes to accommodate the navigation of the axon
